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Background: It is believed that a face-specific system
exists within the primate ventral visual pathway that is
separate from a domain-general nonface object coding
system. In addition, it is believed that hemispheric
asymmetry, which was long held to be a distinct feature
of the human brain, can be found in the brains of other
primates as well. We show here for the first time by way
of a functional imaging technique that face- and object-
selective neurons form spatially distinct clusters at the
cellular level in monkey inferotemporal cortex. We have
used a novel functional mapping technique that simul-
taneously generates two separate activity profiles by
exploiting the differential time course of zif268 mRNA
and protein expression.
Results: We show that neurons activated by face stim-
ulation can be visualized at cellular resolution and dis-
tinguished from those activated by nonface complex
objects. Our dual-activity maps of face and object se-
lectivity show that face-selective patches of various
sizes (mean, 22.30 mm2; std, 32.76 mm2) exist through-
out the IT cortex in the context of a large expanse of
cortical territory that is responsive to visual objects.
Conclusions: These results add to recent findings that
face-selective patches of various sizes exist through-
out area IT and provide the first direct anatomical evi-
dence at cellular resolution for a hemispheric asymme-
try in favor of the right hemisphere. Together, our results
support the notion that human and monkey brains
share a similarity in both anatomical organization and
distribution of function with respect to high-level vi-
sual processing.
Introduction
The ventral cortical pathway in primates has been shown
to encode complex visual attributes such as faces and
facial expressions. On the basis of neurophysiological
[1–3], neuroimaging [4, 5], and clinical evidence [6, 7],
it is believed that within this pathway, a face-specific
system exists that is separate from a domain-general
nonface-object coding system.
A number of functional neuroimaging studies have
revealed various brain areas that display preferential
hemodynamic response to faces [5], bodies [8], and
other objects [9, 10], supporting a modular organiza-
tional view of the ventral visual pathway, whereas other*Correspondence: shahin.zangenehpour@mcgill.ca
1Present address: Neuropsychology/Cognitive Neuroscience Unit,
Montreal Neurological Institute, Montreal, Quebec, Canada.neuroimaging studies have reported a more distributed
representation of various object classes [11]. Optical
imaging studies of the monkey inferotemporal cortex
(area IT) have revealed a columnar organization for vari-
ous object features [12–15], suggesting that a localized
scheme exists for image analysis of similar visual
tokens.
Studies of normal human subjects have revealed an
asymmetric localization for the processing of facial in-
formation in the lateral middle-right fusiform gyrus [5,
16–20], also known as the “fusiform face area” (FFA)
[5], and posterior to it, in a region of the occipital tem-
poral gyrus [16, 17, 19, 21, 22], also known as the “oc-
cipital face area” (OFA) [22]. Several lines of evidence
point to the existence of an asymmetric organization of
structure and distribution of function in the brains of
nonhuman primates as well (e.g., [23–27]). Behavioral
evidence supporting the right hemisphere dominance
of face processing in the monkey has been shown with
split brain subjects (e.g., [25, 28]).
None of the current neuroimaging techniques offer
the degree of spatial resolution necessary for mapping
the activity of face- and object-encoding neurons at the
cellular level and therefore directly address their rela-
tive distributions and functional arrangement within a
given cortical volume or afford a direct measurement of
the interhemispheric distribution of such neurons. We
present the results of a novel dual-activity mapping
technique based on induction of the immediate early
gene zif268 [29]. We have previously characterized the
stimulus-transcription-coupling specificity of this dual-
labeling approach as well as the temporal details of
both protein and mRNA induction [30, 31]. This tech-
nique has now been applied in this study to reveal neu-
rons in monkey inferotemporal cortex that were sepa-
rately activated by face and object stimuli. We show
that face-selective neurons arewidely distributed through-
out the inferior temporal cortex but segregated into dis-
tinct focal clusters at any given level. We also report
that the right IT has an overall higher density of face-
selective neurons than the left IT, whereas no such asym-
metric distribution of object-selective neurons was ap-
parent.
Results
Experiment I: Nonface Objects Followed by Faces
Old-world vervet monkeys were exposed to a stimulus
set composed of nonface familiar objects and conspe-
cific faces. The stimulation sequence in the first experi-
ment consisted of a 45 min presentation of nonface ob-
jects followed by 15 min dark adaptation and then a 30
min presentation of face stimuli (Figure 1A) (Condition
OF). These exposure times were chosen so that neu-
rons responsive to nonface objects would express only
the Zif268 protein product, whereas those responding
to the face component alone would only express the
mRNA product. A third group of neurons could be visu-
alized that were double labeled and, therefore, respon-
Current Biology
994
Patches of Face Selectivity in Monkey IT Cortex
995images provide evidence from a second monkey iners (e.g., coronal plate ii in Figure 1C). The images in
Figure 1. Organization of Face- and Object-Selective Neurons in the Ventral Visual Pathway
(A) Stimulus sequence used to obtain the activity map of face- and object-selective neurons.
(B) Micrographs from three regions of the inferotemporal cortex showing predominantly face-selective neurons (left), object-selective neurons
(middle), and nonselective neurons (right). Scale bar, 50 m.
(C) Rendered coronal block face images of a model vervet brain. Red, green, and yellow colors represent zif268 mRNA-positive (face-
selective), protein-positive (object-selective), and double-labeled (nonselective) neurons, respectively. The ten coronal planes shown here are
approximately 3 mm apart. Face- and object-selective neurons are distributed along the antero-posterior margin of the inferior temporal lobe
in focal groups within any given plane. Scale bar, 1.0 cm.sive to both stimulus components. We used simulta-
neous immunohistochemical and nonradioactive in situ
hybridization staining with two different fluorophores to
visualize activated neurons. This technique is based on
the differential time course of zif268 mRNA and protein
expression in response to synaptic stimulation and has
previously been shown to provide a simultaneous dis-
play of two neuronal populations driven by a sequential
presentation of two different stimuli [30].
Microscopic analysis of area IT revealed three dis-
tinct populations of stained neurons (Figure 1B). Given
the Zif268 protein’s functional role as a transcription
factor, the immunopositive reaction product for Zif268
protein visualized with Alexa 488 tags (green fluores-
cence) was found only within the nuclear compartment
as expected, whereas the hybridization product for
zif268 mRNA visualized with Alexa 594 tags (red fluo-
rescence) was confined largely to a cytoplasmic ring.
The application of both histological procedures within
the same tissue section also revealed a subpopulation
of double-labeled neurons containing both fluores-
cence signals. We used image captures at high mag-
nification to render the distributions of face-selec-
tive (mRNA-positive), object-selective (protein-positive),
and nonselective (double-labeled) neurons in block-
face images in coronal section (D.J. Rubins et al., 1999,
XIXth International Symposium on Cerebral Blood Flow
and Metabolism, abstract). A representative sequence
of ten such rendered block-face images shows the rela-
tive distribution patterns of the three neuronal classes
(Figure 1C).
We observed a clear segregation of face- and object-
selective neurons within a given coronal section, and in
general, neurons were clustered together in terms of
their functional specificity. Interestingly, double-labeled
neurons were often found near the spatial transitions of
the two functional groups. Although in some instances
there was clear intermixing of the face- and object-
selective neuronal classes, the dominant expression
pattern reflected a focal concentration of each group.
We found that the two distinct face- and object-selec-
tive neuronal compartments meander with respect to
each other along the antero-posterior margin of the
temporal lobe, encompassing cortical areas within both
banks of the superior temporal sulcus (STS), inferior
temporal gyrus, and occasionally the fusiform gyrus
and parahippocampal regions. An interesting finding
was that in some sections, the two functionally distinct
neuronal clusters become overlaid so that face-selec-
tive neurons occupied the superficial layers, whereas
object-selective neurons were present in the deep lay-Figure 1C reveal that a greater overall density of face-
selective neurons is apparent in right IT cortex, whereas
object-selective or nonface neurons appear more or
less uniformly distributed between the two hemi-
spheres. These results together show that although
face- and object-selective neurons are widely distrib-
uted throughout the inferior temporal lobe, there is a
striking spatial segregation in terms of their relative dis-
tributions within any given plane.
Experiment II: Faces Followed by Nonface Objects
We reversed the order of the stimulus sequence in the
second experiment to ensure that the expected reverse
expression pattern was also observed. The stimulus
sequence began with a 45 min presentation of conspe-
cific faces followed by 15 min dark adaptation and then
30 min viewing of nonface objects (Figure 2A) (Condi-
tion FO). We again found three distinct profiles of
stained neurons. The temporal coupling of zif268 induc-
tion in association with the stimulus sequence meant
that protein-positive neurons now represented the
face-selective subgroup, whereas mRNA-positive neu-
rons were activated by object stimulation (Figure 2B).
The double-labeled group again represented nonselec-
tive neurons that were responsive to both stimulus
categories. The micrographic images shown here were
taken from segregated distributions of protein- and
mRNA-positive neurons that were again clearly evident
across the temporal lobe. Although the observed stain-
ing patterns were generally reversed when compared
to the first experiment, there was some variability in the
expression maps that presumably reflected individual
differences with respect to their spatial layouts. As
in the previous case, we used image captures at
high magnification to render the distributions of ob-
ject-selective (now mRNA-positive), face-selective (now
protein-positive), and nonselective (double-labeled)
neurons in block-face images in coronal section. A rep-
resentative sequence of ten such rendered block-face
images shows the relative distribution patterns of the
three neuronal classes (Figure 2C).
As before, we observed a clear segregation of face-
and object-selective neurons within a given coronal
section, and in general, neurons were clustered to-
gether in terms of their functional specificity. Again,
double-labeled neurons were often found near the spa-
tial transitions of the two functional groups, and in
some instances, there was clear intermixing of the
face- and object-selective neuronal classes. We found
similar patterns of distribution of the two classes of
neurons compared to the previous experiment. These
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Figure 2. Activity Maps Obtained from Reversed Stimulus Presentation
(A) Face images presented as the first stimulus in the sequence followed by dark adaptation and nonface images.
(B) Three distinct classes of stained neurons are evident—protein-positive neurons representing the face-selective subgroup, mRNA-positive
neurons representing the object-selective subgroup, and nonselective neurons (double-labeled). Scale bar, 50 m.
(C) Rendered coronal block face images of a model vervet brain. Red, green, and yellow colors represent zif268 mRNA-positive (object-
selective), protein-positive (face-selective), and double-labeled (nonselective) neurons, respectively. The ten coronal planes shown here are
approximately 3 mm apart. Face- and object-selective neurons are distributed along the antero-posterior margin of the inferior temporal lobe
in focal groups within any given plane. Scale bar, 10 mm.which the two distinct face- and object-selective neu-
ronal compartments were found to meander with re-
spect to each other along the antero-posterior margin
of the temporal lobe. The labeled neurons in this sec-
ond monkey also encompassed cortical areas within
both banks of the superior temporal sulcus, inferior
temporal gyrus, and occasionally the fusiform gyrus
and parahippocampal regions. We also noticed that ob-
ject-selective neurons remained approximately equally
distributed between the two hemispheres, whereas
face-selective neurons were found more in the right
hemisphere. These results together strengthen the
earlier observation that although face- and object-
selective neurons are widely distributed throughout the
inferior temporal lobe, there is a striking spatial segre-
gation in terms of their relative distributions within any
given plane.
The double-dissociation that was evident by way of the
above two experiments showed that focal clustering
and spatial segregation of category-selective neurons
is a salient feature of the primate ventral stream. How-
ever, this finding would have added validity through a
further demonstration of response specificity in conjunc-
tion with a particular stimulus category. Our goal in the
third experiment was to present a stimulus sequence
that assured mRNA-positive neurons to be exclusively
associated with face stimulation. The stimulus set now
included scrambled faces that were generated by an
image-scrambling filter that randomly segmented nor-
mal face images into polygons and dislocated them rel-
ative to each other.
Experiment III: Nonface Objects and Scrambled
Faces versus Faces
A third monkey was exposed to conjunctive stimula-
tion—i.e., an alternating sequence of familiar objects
and scrambled faces for 90 min (Figure 3A) (Condition
CS). Normal faces were only presented during the last
30 min of stimulation and interleaved with object and
scrambled face presentations. We observed two cate-
gories of staining in the inferior temporal lobe after
stimulation with this sequence—double-labeled and
mRNA-positive neurons (Figure 3B). We take the latter
group to be truly representative of face-selective neu-
rons because the terminal 30 min of stimulation was
devoid of any other new variable except for the intro-
duction of normal whole-face stimuli. The sudden ex-
pression of zif268 mRNA within these neurons could
only have occurred in response to the presence of
faces, and, therefore, the mRNA-positive cells exclu-
sively represent the subpopulation of neurons that wereserved a striking segregation of face-selective (Figure
3B, left) from object-selective (Figure 3B, middle) neu-
ronal clusters, along with a few sparse areas having a
mixture of the two (Figure 3B, right).
There were four important features that emerged af-
ter we completed the digital maps of IT cortex from the
third experiment. First, the number of mRNA-positive
neurons seemed to have decreased, whereas double-
labeled neurons appeared to form the overwhelming
majority of those observed. Second, face-selective
neurons (mRNA-positive) were either found in distinct
clusters or intermixed in pools of double-labeled neu-
rons. Third, the face-selective neuronal compartments
or scattered pools were distributed along the antero-
posterior axis of the IT cortex in a pattern that was sim-
ilar to that found in the first experiment. And fourth,
face-selective neurons were consistently found to be
more numerous in the right hemisphere than the left,
whereas object-selective and nonface neurons were
present in both hemispheres with no apparent bias to-
ward either one.
Three-Dimensional Representation of Face
Processing in IT Cortex
The previously generated maps of face-selectivity were
volume rendered and superimposed on the volumetric
representation of the anatomical images of the monkey
brain to obtain a three-dimensional (3D) representation
of the distribution of face selective clusters. The result
of this treatment for each experimental condition was
then cropped along the midline or the lateral sulcus and
represented in two 3D hemispheres interleaved by a
ventral view of the temporal lobes (Figure 4A). There
are three noteworthy points to consider in this figure.
First, the image of each brain in lateral view arises from
a full reconstruction of the coronal data set at 300 m
periodicity. The inhomogeneities that are apparent in
this image arise because of the frequency of spatial
sampling and any small errors in registration. Neverthe-
less, the image portrays a fairly accurate depiction of a
true lateral view of the vervet brain. Second, the func-
tional maps shown by way of the red patches appear
aligned in a dorso-ventral fashion. This is due to the
sampling procedure used to assemble these com-
pound pictures whereby the existence of any focal
clusters are extrapolated to the two adjacent sections.
An important point to note from these images, however,
is that there are clear rostro-caudal periodicities in
patch appearance, even though their boundaries may
be inexact because of sampling constraints. And third,
a closer examination of this figure reveals that face-
Current Biology
998
Patches of Face Selectivity in Monkey IT Cortex
999fied regions of mRNA-positive, protein-positive, and spheres in all three experimental condition, with the
Figure 3. Stimulus-Driven Transcriptional Specificity for Face-Selective Neurons by the mRNA-Positive Subgroup
(A) Stimulus presentation included nonface and scrambled face images for 90 min; face stimuli only appear in the sequence during the last
30 min and therefore can be exclusively associated with mRNA-positive neurons.
(B) Two categories of staining are observed in the inferior temporal lobe—mRNA-positive and double-labeled (nonface object-selective)
neurons. A striking segregation of face-selective (left) from object-selective (middle) neuronal clusters is apparent along with a few sparse
areas having a mixture of the two (right). Scale bar, 50 m.
(C) Rendered coronal block-face images of a model vervet brain. Red, green, and yellow colors represent zif268 mRNA-positive (face-
selective), protein-positive, and double-labeled (nonselective) neurons, respectively. The ten coronal planes shown here are approximately 3
mm apart. Face-selective neurons are distributed along the antero-posterior margin of the inferior temporal lobe in small focal groups or
intermixed within a pool of nonselective cells in any given plane. The rare occurrence of protein-positive neurons is mostly observed in the
posterior regions of the IT cortex. Scale bar, 10 mm.Figure 4. Three-Dimensional Rendition of
Face-Selective Patches in the Vervet Mon-
key Brain
As shown, face-selective patches are found
along the antero-posterior margin of in-
ferotemporal cortex encompassing cortical
areas within both banks of the superior tem-
poral sulcus (STS), inferior temporal gyrus,
and occasionally the fusiform gyrus and
parahippocampal regions (A). Of particular
interest here is the observation that face-
selective patches appear to be more numer-
ous in the right hemisphere compared to the
left in all three cases. These results are, in
the large part, in accordance with earlier sin-
gle-unit findings summarizes by Perrett and
colleagues [32] (B). The scale bar in the bot-
tom right panel represents 10 mm.consistently more numerous in the right hemisphere
than in the left across the three conditions. These re-
sults appear, in large part, to be in accordance with
earlier findings of a series of single unit studies that
were summarized by Perrett and colleagues [32] (Fig-
ure 4B).
Statistical Analysis of Functional Maps
Figures 5A–5D show the pattern of staining from a rep-
resentative section of stained IT cortex. Figure 5A il-
lustrates the patchy nature of stain types in the various
parts of area IT, whereas Figures 5B–5D show magni-double-labeled neurons, respectively. Microscopic data
of this kind was used to generate the activity maps
shown in Figures 1–3 as well as to perform quantitative
analyses on density of various neuronal types in IT cor-
tex. An ANOVA with Condition (OF, FO, and CS) as the
independent measures variable and Stain Type (mRNA
positive and protein positive) and Hemisphere (RH and
LH) as repeated measures variables revealed a signifi-
cant three-way interaction among the variables (F[2, 57] =
8.629, p = 0.0005). Post-hoc Scheffe tests confirmed
that there was a significant difference in the density of
face-selective neurons between the right and left hemi-
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Figure 5. Blow Up of IT Cortex and Quantitative Analyses of Neuronal Density and Patch Size and Number
The micrograph in (A) shows a blow up a representative stained IT section that contains all three types of stained neurons: mRNA-positive
(B), protein-positive (C), and double-labeled (D). (M, medial; L, lateral; D, dorsal; V, ventral; STS, superior temporal sulcus; MTS, middle
temporal sulcus; ITG, inferior temporal gyrus; HC, hippocampal formation.) The bar graph in (E) shows the mean of labeled neurons (mRNA-
or protein-positive) throughout IT cortex of both hemispheres (RH and LH) within each condition (OF, FO, and CS). The bar graph is meant to
depict a three-way interaction between factors Condition, Hemisphere, and Label Type after performing an ANOVA on the data set. Post-hoc
Scheffe tests performed on the data revealed a significant overall decrease in the number of mRNA-positive neurons in Condition CS com-
pared to Condition OF. The line graph in (F) shows the mean patch size for the three experimental conditions across the two hemispheres.
The mean area of face-selective patches reduced significantly in Condition CS compared to Conditions OF and FO. The number of face-
selective patches, however, remained unchanged across the three conditions (G) with a significant asymmetric distribution in favor of the
right hemisphere. Error bars in (E)–(G) represent the standard error of the mean.right hemisphere containing a higher density of face-
selective neurons than the left hemisphere. There was
also a significant reduction in the density of face-selec-
tive neurons from Condition OF to Condition CS sug-
gesting that the stringency of the stimulus selection
and the sequence of stimulus presentation did indeed
result in a more conservative estimate (w12%) of face-
selective neurons in the IT cortex. The bar graph in Fig-
ure 5E summarizes the analyses. In this panel, the
height of each bar reflects mean percent labeled neu-
rons in all sampled regions within each condition.
The digitized maps corresponding to face-selective
neurons were processed for patch size and number
analysis (as described in the Experimental Procedures
section). This process first involved smoothing the
punctate cellular staining with a Gaussian filter and
then thresholding the image to produce circumscrib-
able patches. The area and number of patches ob-
tained as such were measured, and subsequent quanti-
tative analyses were performed as follows. An ANOVA
with Condition (OF, FO, and CS) as the independent
measures variable, Hemisphere (RH and LH) as re-
peated measures variable, and Patch Size (mm2) as the
dependent variable revealed a significant main effect of
Condition (F[2, 57] = 4.106, p = 0.0216). A plot of the
mean patch size in each condition across the two hemi-
spheres (Figure 5F) revealed that although mean patch
size for face-selective neurons remained equal across
the two hemispheres, the patches were found to be sig-
nificantly smaller in Condition CS than the other two
experimental condition. In addition, an ANOVA with
Condition (OF, FO, and CS) as the independent mea-
sures variable, Hemisphere (RH and LH) as repeated
measures variable, and Patch Number as the depen-
dent variable revealed a significant main effect of Hemi-
sphere (F[1, 57] = 24.183, p = 0.0001). A plot of the mean
patch number for each condition across the two hemi-
spheres (Figure 5G) revealed that although mean patch
number remained equal across the three conditions,
there were consistently greater number of patches of
face-selective neurons found in the right hemisphere.
Discussion
We have previously mapped the temporal details of
zif268 mRNA and protein induction (after stimulation
onset) as well as decay (after stimulation offset) [29,
31]. The design of our stimulation regime in the present
set of experiments was based on the data from theselus segment within our regime closely matched the
mRNA and protein induction and decay curves of the
zif268 gene. Of particular importance in terms of func-
tional mapping is our demonstration that differential in-
duction of zif268 mRNA and protein products can be
used to obtain a visual display of neuronal subpopula-
tions that were separately triggered by two different
classes of complex stimuli. Our functional activity maps
from this study, therefore, represent the first display of
high-level visual encoding in the primate visual system
at cellular resolution.
Quantitative Analysis of Cellular Expression Data
To obtain a more meaningful quantitative comparison
of the expression data than mere labeling density, we
opted to analyze the stained cells in terms of fraction
of neurons that were either mRNA- or protein-positive
in each condition, i.e., face- and object-selective neu-
rons in the first two conditions and only face-selective
neurons in the last condition. For this, we needed to
obtain counts of neurons in each region of interest. The
total number of cells in any given region of interest was
determined by way of DAPI staining in immediately ad-
jacent sections. We had three fluorescent labels in each
tissue section after completion of histological process-
ing, and it was technically difficult to use a fourth fluo-
rophore to subsequently quantify the neuronal subset
within each counting frame. We assumed a homoge-
neous distribution of cells across a thickness of 40 m
(20 m for each the mapping slide and the reference
slide). The reference slides were treated to immuno-
staining with anti-NeuN antibody, which preferentially
stains neurons within a cortical volume. The use of
NeuN staining in conjunction with DAPI-labeling pro-
vided a more meaningful measure of zif268-expression
statistics in terms of the fraction of neurons rather than
total cell density.
The face-selective subpopulation of neurons from
our mapping profiles varied in the range of 22%–37%
across the different subdivisions. Although there is no
clear consensus on the fraction of IT neurons that are
face-selective, our estimates here do appear to exceed
that reported in single-unit studies of monkey IT cortex
[32, 33]. This is not unexpected because our stimulus
set encompassed multiple views, image sizes, facial
expressions, and retinotopic loci. Given that our objec-
tive in this study was to reveal the total subpopulation
of neurons that are broadly face selective, it was ex-
pected that a higher proportion of stained cells would
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selective neurons in Condition CS dropped to 12%– g
15% is meaningful in the context of this issue. The neu- a
rons stained under this condition are likely to represent
true “whole-face” neurons because face parts were in- a
terleaved in the scrambled face image set. The propor- t
tion of neurons from this experiment more closely ap- v
proximates the physiological data. T
The results of the patch size and number analyses d
provide further support for the notion that neural corre- t
lates of face processing are organized in a patchy man- t
ner along the antero-posterior margin of area IT and d
may display hemispheric asymmetry in terms of their f
distribution. The significant reduction in mean patch p
size in Condition CS is in line with the earlier observa- m
tion that the mean number of face-selective neurons o
also decreases significantly in this condition compared a
to Conditions OF and FO. Furthermore, the observation a
of significantly more patches of face-selective neurons
found in the right hemisphere corroborates the finding
of more face-selective neurons found in right compared A
to left area IT. A
E
Other Functional Imaging Approaches versus o
Molecular Activity Mapping m
In a recent study, Tsao and colleagues used functional t
magnetic resonance imaging (fMRI) to study face- and r
object-selective areas of the macaque brain [34]. They g
report that macaque area IT indeed contains patches i
of face-selective neurons embedded in a large expanse h
of object-selective cortical region bounded by area V4 m
and rostral area TE. Our findings are very similar to o
those reported by Tsao and colleagues in that we also l
found face-selective patches along the expanse of IT s
cortex that are embedded in a large pool of object- c
selective and nonspecific neurons. However, our data
b
provides the added advantage of activation maps at
p
cellular resolution that afford a much more detailed
t
view of the architecture of area IT at any given corti-
rcal plane. Although there are several face-selective
spatches apparent in the brain of each macaque tested
by Tsao et al. [34], the three largest face patches are
troughly 11 × 6, 7 × 5, and 5 × 3 mm in the right hemi-
asphere and roughly 8 × 6, 6 × 3, and 6 × 3 mm in the
[left hemisphere along the anterior-posterior axis of IT
tcortex. Our data shows patches of face-selective neu-
trons with widths in the range of 4–8 mm.
tThe recent work of Homma and Tanifuji (R. Homma
sand M. Tanifuji, 2003, Sixth IBRO World Congress Neu-
crosci., abstract) also strongly corroborates our findings.
sUsing voltage-sensitive dyes and in vivo optical im-
iaging, they studied the response latency of various ob-
vject feature patches in macaque area TE. Their prelimi-
tnary findings included an analysis of response latency
iof face patches that revealed a number of face patches
ron the surface of IT cortex that were much wider than
nthe previously reported feature columns by Wang and
scolleagues [14, 15]. Therefore, there is convergence
lfrom three independent studies with three completely
vdifferent functional imaging approaches in support of
gthe notion that IT cortex contains patches or clusters
iof face-selective neurons in the context of a larger ex-
panse of object-selective and nonspecific cortical re- dion. These patches or clusters range in size from re-
ion to region but remain an integral part of IT cortical
rchitecture in macaque, vervet, and human brains.
Our finding of face-activation patches that extend for
few millimeters is of considerable interest because
hey reveal that stimulation with whole faces at multiple
iews leads to broader spatial activation of IT cortex.
his is not surprising because stimulation with indivi-
ual facial views provides spatially punctate stimula-
ion over a broad region encompassing several millime-
ers of cortex [15]. What is of particular interest is the
ifference in processing that occurs among the dif-
erent activation foci. It may be possible that earlier
atches, i.e., those located toward the posterior seg-
ent of IT, are engaged in the more elemental aspects
f face processing, whereas those foci located near the
nterior segments are engaged in higher aspects, such
s view-invariant processing and facial expressions.
symmetric Distribution of Face-Selective Neurons
cross the Two Hemispheres
arlier work using sing-unit recording [27] and fMRI [34]
f the monkey brain have revealed evidence for an asym-
etric distribution of face-selective neurons across the
wo hemispheres. The most obvious factor that may give
ise to an apparent asymmetric distribution of one cate-
ory-selective group of neurons as opposed to another
s an asymmetric presentation of stimuli to the two
emispheres. That is, the asymmetry observed in our
aps may be the direct result of a skewed presentation
f face images in the left visual hemifield. This is un-
ikely to have been the case because the location of
timulus presentations on the viewing screen was
ounter balanced so as to equalize the exposure of
oth visual hemifields over a prolonged stimulation
eriod. Nevertheless, we acknowledge the possibility
hat a skewed preference in fixation may have given
ise to an asymmetric activation of the two hemi-
pheres in response to the face stimuli.
Another important factor may be the manner in which
he two cerebral hemispheres are thought to encode
nd process visual information. Vermeire and Hamilton
25] have shown an inversion effect for faces involving
he right hemisphere of split-brain monkeys. In addi-
ion, recent work has provided converging evidence
hrough behavioral [35] and electrophysiological [36]
tudies that support the role of the right hemisphere in
onfigural encoding of faces, whereas the left hemi-
phere is presumably engaged in component process-
ng of facial information. Although our experiments in-
olved passive viewing of faces and nonface objects,
he fact that the monkeys were viewing novel faces dur-
ng the stimulus sequence may have engaged their
ight temporal cortical areas in holistic encoding of
ovel facial information to a greater degree than corre-
ponding left temporal regions. Vermeire and col-
eagues [37] have provided evidence to support this
iew whereby split-brain monkeys were shown to en-
age their right-temporal regions in configural encod-
ng of novel faces during the learning phase of a
iscrimination task.
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Our findings have important implications in terms of the
functional organization of high-level visual processes
[4, 5, 11, 34]. These results add to recent findings of
Tsao et al. [34] and Homma and Tanifuji (R. Homma and
M. Tanifuji, 2003, Sixth IBRO World Congress Neurosci.,
abstract) that face-selective patches of various sizes
exist throughout the IT cortex in the context of a large
expanse of cortical region responsive to visual objects.
Furthermore, our findings provide the first direct ana-
tomical evidence at cellular resolution for a hemi-
spheric asymmetry in the distribution of face-selective
neurons in favor of the right hemisphere. Together, our
results support the notion that human and monkey
brains may share a similarity in both anatomical organ-
ization and distribution of function with respect to high-
level visual processing.
Experimental Procedures
Stimulus Preparation and Presentation
A stimulation block consisted of single frames of various exemplars
within a visual stimulus category (i.e., face or nonface object). Each
single frame was prepared by taking a digital image of a conspe-
cific monkey face (97 images of 27 monkeys) or a nonface object
(fruits, vegetables, plants, tools, cages, etc.; 83 exemplars) cropped
of all irrelevant background information and presented within an
oval marquee with Adobe Photoshop 7.0. The cropped images
were then laid over a 50% gray background. We also used scram-
bled faces as controls. These images were generated by first creat-
ing random polygons through a Photoshop filter (Digimetrics) and
then displacing them within a circumscribed region.
The digitized images from within the same stimulus category
were randomly assembled into a movie (Apple iMovie 3.0) with a
5 s duration for each frame. The total duration of the stimulus se-
quence depended on the experiment, as outlined in the main text.
The total duration of the entire stimulus sequence was 90 min. The
movie sequence was back projected onto a translucent mylar
screen with a Hitachi CPX-275 LCD projector and viewed by the
monkeys at a distance of 50 cm. Although the screen was calcu-
lated to occupy roughly 33° of visual angle horizontally and 26° of
visual angle vertically, the stimuli were presented randomly within
the size-range of 5°–13° of visual angle in four quadrants on the
screen.
A tunnel-viewing and a video-feedback-monitoring system were
employed to ensure that monkeys viewed only the visual stimuli.
The tunnel viewing system consisted of a black cardboard rectan-
gular tube that spanned the distance between the monkey’s head
and the viewing screen (w50 cm in length). This system ensured
that monkeys could only see either the viewing screen or the black
sides of the tunnel interior. We monitored eye movements by way
of a CCD video capture mechanism. This system provided a gene-
ral view of the monkey’s gaze and whether it was directed toward
the screen or not as well as verifying that the animal was not dozing
off. The experiment was terminated if the animal was not alert at
least for 80% of the entire 90 min duration of the experiment.
Animal Treatment and Tissue Collection
Three adult male vervet monkeys (Cercopithicus aethiops) each un-
derwent a head post implant surgery by established protocols [38,
39]. A stainless steel head post was anchored at the top of skull
with the aid of three titanium bone screws and dental/flash acrylic.
Animals then recovered from the surgery with veterinary antibiotic
and analgesic treatment for 7 days. All surgical protocols were car-
ried out in compliance with the Canadian Council on Animal Care
(CCAC) guidelines for use and care of animals in biomedical re-
search [40].
Every day between recovery from surgery and the day of theexperiment, each monkey was placed in a primate chair that was
used for the experiment for 2 hr. On the last two days of chair
training, the monkey’s head was anchored to the head fixation pole
on the chair to mimic the actual experimental conditions. During
each chair training session, monkeys were rewarded with orange
and lemon/lime flavored Gatorade.
On the day of the experiment, the monkey was placed in a pri-
mate chair with the implanted head post fastened to an external
restraining pole. Prior to stimulus presentation, each monkey was
dark adapted for three hours to ensure a low baseline of zif268
expression. After dark adaptation, a face/nonface stimulation se-
quence that was specific to each experiment was presented for 90
min. We only proceeded with the experiment if the monkey was
fully alert throughout the experimental session after dark adapta-
tion. This was gauged by online examination of gaze direction at
the screen by way of CCD monitoring system.
At the end of the visual stimulation period, animals were deeply
sedated with ketamine hydrochloride (10 mg/kg, i.m.), quickly eu-
thanized with an overdose of sodium pentobarbital (25 mg/kg, i.v.),
and perfused transcardially with 0.1 M PBS until completely exsan-
guinated. Each externalized brain was sectioned along the midline
followed by blocking each hemisphere at three locations chosen
so as to segment the entire temporal lobe into 3 distinct margins.
The three temporal blocks were simultaneously flash frozen in an
isopentane bath cooled in a liquid N2 chamber and stored at –80°C.
At a later date, sections were cut on a cryostat from the frozen
blocks at a thickness of 20 m and mounted on subbed glass
slides.
Histological Processing
The dual-fluorescence immunohistochemical and in situ hybridiza-
tion protocol is quite extensive. A full account of the method-
ological details surrounding this procedure have been previously
reported [30]. A detailed protocol can also be downloaded from
the following website: http://www.cvl.mcgill.ca/Media/Protocols/.
Immunohistochemical processing with anti-NeuN antibody (Chemi-
con, catalog number MAB377) was performed per the manufactur-
er’s directions to quantify zif268 expression in terms of the subpop-
ulation of cortical neurons. Adjacent slide-mounted sections to
those that underwent the dual-labeling process were chosen for
anti-NeuN staining. After light fixation in 4% paraformaldehyde
(PFA) buffered in 0.1 M phosphate buffered saline (PBS), each slide
was incubated overnight at 4°C with a 1:1000 dilution of anti-NeuN
antibody solution containing 3% normal goat serum prepared in
PBS. The following day, sections were washed and incubated at
room temperature for 2 hr with a secondary antibody solution con-
taining 1:1000 dilution of Alexa 488-conjugated goat anti-mouse
IgG and 3% normal goat serum in PBS. Finally, the sections were
washed, counter stained with DAPI, and cover slipped in ProLong
Anti-Fade mounting medium (Molecular Probes).
Digitization of Histological Data and Micrography
After completion of histological processing, the staining data were
manually transferred from slide-mounted sections to block-face
images of the brain. The manual digitization of histological data
involved three steps. We used a digital database of block-face co-
ronal images of vervet monkey brain (http://labs.pharmacology.
ucla.edu/mellab/vervet_atlas/). These images were obtained from
a frozen vervet monkey head in embedding medium while 300-m
sections were shaved off the block. The block-face images that
most closely matched the overall gross pattern of a stained tissue
section was chosen for rendering. This was done for 30 processed
tissue sections, with a spatial distance of 900 m between two
adjacent coronal planes, along the entire margin of the temporal
lobe. The live feed from a Dage-MTI color CCD camera connected
to a Leica DMLB microscope with epi-fluorescent attachment was
viewed on a Sony Trinitron monitor. The corresponding block-face
image was rendered, one field of view at a time at 20× objective
magnification, with a pressure-sensitive tablet (Intuos, Wacom,
Inc.) in Adobe Photoshop with various layers and hues to reflect
Current Biology
1004different forms of staining (red, green, and yellow for mRNA-, pro- d
ntein-, and double-staining, respectively).
Micrographs were captured with the same setup as described
above but at 40× objective magnification and were digitally assem- A
bled with OpenLab 3.0 (Improvision) on a Macintosh G4 dual 500
MHz processor computer. T
I
R
Patch Size Analysis and Three-Dimensional Reconstruction m
of Activity Maps e
Each layer of the digitized staining data corresponding to the face D
stimuli (30 in all for each condition) was treated in the following i
manner, at a scaling factor equivalent to 4× magnification, within a a
coronal plane across the two hemispheres. First, each layer was e
turned into a grayscale image to discard the color information pre- W
viously imparted on the data to reveal differential staining. Next, a
Gaussian filter of full width at half maximum was applied to the
Rpunctate representation of cellular data to delineate clustering of
Rneurons with similar functional properties. The resulting images
Awere then binarized such that clear boundaries could be estab-
Plished among clusters of cells. This data was analyzed further in
ImageJ (NIH) for the measurement of frequency and size of clus-
ters. The resulting measurements were exported to SuperANOVA R
statistical analysis software (Abacus Concepts, Inc.) for further de-
scriptive and inferential statistical analyses.
The Gaussian-filtered images of face-selective patches as well
as block-face images of the vervet-monkey brain were imported
into OsiriX software (OsiriX) on an Apple PowerMac with Dual 1.42
GHz G4 processors running Mac OS X (10.3.6). With the Image
Fusion function of the software, independent activity maps in re-
sponse to face stimuli were generated by superimposing the activ-
ity data onto the anatomical images. Each resulting 3D image was
then cropped along the midline to produce two hemispheric repre-
sentations of the activity maps in response to faces for each exper-
imental condition.
Cell Counting and Statistical Analysis
For all DAPI, mRNA-, and protein-positive cell counts, we used the
same setup described above with the addition of a 200 × 200 m
counting frame (at 40× objective magnification) employing the opti-
cal dissection method of stereology. The counting frame was fixed
upon the Sony monitor screen and composed of both inclusion and
exclusion boundaries. Optical dissection was performed manually
to ensure that no objects were counted more than once. Thus, each
of the slides used for generating the maps were reexamined for
cell counts. During the cell counting process, manual counts of
objects were performed in each counting frame once for DAPI-
stained nuclei with the blue fluorescent filter set (Chroma Technol-
ogies, part number 513804) and once for both mRNA- and protein-
positive cells with the dual FITC/Texas-red fluorescent filter set
(Chroma Technologies, part number 51006). The latter ensured that
we only included the counts of true single-labeled neurons in our
subsequent analyses. A similar approach was taken to perform
counts of DAPI-stained nuclei and NeuN positive neurons in the 1
immediately adjacent sections to those used for the mapping ex-
ercise.
For the purpose of deriving the final estimate of labeled neurons
of each type over the expanse of a given region, we calculated the 1
ratio of all neurons (revealed by NeuN-labeling) to all cells (revealed
by DAPI staining) in the counting frame (total neurons, TN). We
1assumed that the relative distribution of neurons in two adjacent
sections apart by only 20 m remains uniform. We then calculated
the ratio of all mRNA- and protein-positive neurons to DAPI-labeled
cells within the same region (labeled neurons, LN) in the adjacent 1
section. Finally, we divided the latter ratio by the former (percent
labeled neurons; [LN / TN] × 100 = PN) to obtain the fraction of 1
labeled neurons of each class (i.e., mRNA or protein positive) in a
given region. We repeated this procedure 20 times for each pre-
1viously defined functional region of the IT cortex within each con-
dition.
The final fractions (PNs) were then transferred to SuperANOVA
statistical analysis software (Abacus Concepts, Inc.) for the analy- 1
sis of variance (ANOVA) and plotting of the bar charts. The depen-ent variable was expressed as the mean of percent labeled
eurons.
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